Abstract: An efficient and wash-free method to conjugate a fluorescent tag to a target membrane protein is developed, using engineered Npu DnaE split-inteins. This approach allowed fast labeling while avoiding the strenuous synthesis of a long polypeptide. Two different modes of labeling, namely specific binding and covalent conjugation, are observed. The covalent labeling was monitored within 5 min, without background staining.
Introduction
Membrane proteins are the most abundant of the whole proteome in mammalian cells and play core roles in maintaining cell functions as receptors, enzymes, and transporters. 1, 2 Spectroscopic monitoring of membrane proteins in living cells is a critical tool in cell biology, as it allows nondestructive realtime observation of protein functions, interactions, and trafficking in their native context. [3] [4] [5] [6] Given that most proteins are not spectroscopically active, it is necessary to introduce spectroscopic tags to target proteins for visualization. Traditionally, membrane proteins of interest were visualized either by immune-labeling using fluorescently labeled antibodies or by genetic incorporation of auto-fluorescent proteins as a fusion to target proteins at the molecular level. 7 Recently, more efforts have been paid to introduce synthetic probes to target proteins in living cells, exploiting enzymes, or proteins that recognize specific targets, for example, hAGT, eDHFR, and HaloTag. [8] [9] [10] While these "enzyme-mediated" labeling approaches ensure specific conjugation of fluorescent probes to targets, the presence of considerably-sized enzymes could cause potentially detrimental effects on the functions of target proteins. 11, 12 As such, several recent reports suggested split-intein-mediated protein trans-splicing (PTS) reaction as a "linker-free" alternative for enzyme-mediated fluorescent labeling methods. 8, [13] [14] [15] Inteins are self-processing proteins that excise themselves off while conjugating two flanking sequences (N-and C-exteins) through an amide bond. [16] [17] [18] In some cases, inteins are fragmented into separate pieces, that is, split-inteins, which are not active individually but fold together to form a functionally active splicing domain [ Fig. 1(a) ]. 19 Splitintein-mediated PTS is proven useful for various applications, including the introduction of synthetic tags both in vivo and in vitro. N-intein fragment, can be expressed as a fusion to a target protein using DNA recombinant technology. While these approaches are useful, difficulties and inefficiencies associated with the preparation of synthetic components are major drawbacks of the inteinmediated labeling. The shorter fragment, I C , is often as large as 35 amino acids and also requires a few extra extein-sequences to mediate effective PTS. 23 The laborious synthesis of a long peptide often limits the practical usage of the PTS reaction for membrane protein labeling. A few reports have specifically addressed these limitations. 14, 24 Liu's group described a method to label membrane proteins, using artificially split Ssp GyrB S11 intein. 14 In their work, the C-intein was only six amino acids, and the preparation of the synthetic fragment was greatly facilitated. Nonetheless, the kinetics of PTS was greatly sacrificed as a result. Nagamune's group utilized Ssp DnaB intein split at residue 11. 24 Although this approach was especially useful for N-terminal labeling of type I membrane proteins, it required a considerable amount of time for labeling. Alternatively, Mootz's group demonstrated an efficient labeling approach utilizing click or amine tags introduced to a recombinant N-intein. 25 These intein-mediated approaches that introduce chemical probes to target proteins in vivo offer a useful tool for various applications, but there are still some complications to overcome. In this work, we aimed to design a fast and efficient labeling method using engineered splitinteins to make this approach more applicable. We also exploited the fluorescence-quenched C-inteins for wash-free labeling.
Results and Discussion
We designed model systems based on Nostoc punctiforme (Npu) DnaE split-inteins, as they are a wellstudied pair of inteins and known to mediate a fast and efficient PTS reaction [ Fig. 1(b Information Fig. S1 ). 29 In the current work, we selected a pair of split-inteins separated at position 123, which yield a 123 amino acids N-intein and a 14 amino acids C-intein. This pair of inteins was chosen because of the sufficiently short 14 amino acids C-intein, which makes the chemical synthesis less demanding while still retaining a reasonable splicing activity to suit our purpose. Naturally occurring (wild-type) Npu DnaE splitinteins were tested for comparison. Figure 1 (c) illustrates our strategy to label membrane-anchored model proteins using engineered Npu DnaE splitinteins. Briefly, the recombinant N-intein was fused to the C-terminal of a membrane-anchored protein and presented to the extracellular side of the plasma membrane. A synthetic C-intein carrying a fluorescence-quenched fluorophore was delivered and reacted with the N-intein fusion proteins. The quencher was removed from the fluorophore upon the PTS reaction, with concomitant labeling and activation of a fluorescent probe. The domain architectures of the model proteins are shown in Figure 2(a) . First, for in vitro experiments, soluble fusion proteins were prepared by modifying maltose-binding protein (MBP) to append either a wildtype N-intein (wI N ) or an engineered N-intein (eI N ) fragment on its C-terminus, thereby generating MBPwI N 1 or MBP-eI N 2, respectively. Membrane-anchored proteins were prepared as fusions of a wI N or an eI N to the extra-cellular C-terminus of the transmembrane domain derived from type II transmembrane protease serine 6 (TMPRSS6). 30 A Myc tag and a mCherry sequence were inserted between the TM and I N for Western blotting and expression monitoring, to result in TM-Myc-mCherry-wI N 3 and TM-Myc-mCherry-eI N 4, respectively. Finally, an eI N was fused to human tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL). TRAIL belongs to the TNF superfamily and functions as a ligand in inducing cancer cell apoptosis by binding to death receptors. 31, 32 This type II membrane protein (TRAIL) suited our experimental design because it contained a well-conserved Cterminal extracellular domain. A TRAIL gene was amplified from cDNA of U937 human monocyte cells and inserted between a mCherry and an eI N to generate a recombinant fusion protein Myc-mCherry-TRAILeI N 5. Each TM-Myc-mCherry-wI N 3, TM-MycmCherry-eI N 4 and Myc-mCherry-TRAIL-eI N 5 was expressed in mammalian cells using a constitutive promoter, and the membrane localization was confirmed by confocal fluorescence microscopy (data not shown). A wild-type and an engineered C-intein (wI C and eI C ) were both chemically synthesized to carry a short linker sequence and a synthetic fluorophore, fluorescein (Fl). The short linker (Cys-Phe-Asn), derived from the native extein sequence, and a Lys residue were introduced on the C-terminus to result in wI C -Fl 6 and eI CFl 7, respectively (Supporting Information Fig. S2 ). The C-extein sequence was required to maintain the trans-splicing activity, and a Lys residue was modified on the ω-amine functional group, to form a covalent bond with an amine-reactive fluorophore. Dabcylconjugated fluorescence-quenched Q-eI C -Fl 8 was prepared for wash-free labeling (Supporting Information Figs. S2(C) and S3). Peptide 8 was also used to distinguish PTS-mediated covalent labeling from specific binding because peptide 8 does not have fluorescence activity unless the fluorophore is separated from the quencher via PTS [ Fig. 1(c) ]. eI C -2xFLAG-Myc-His6 9 was also prepared for Western blotting analysis. First, the rates of PTS reactions, mediated by either wild-type or engineered Npu DnaE splitinteins, were compared in vitro. MBP-wI N 1 and MBP-eI N 2 (2 μM) were added to wI C -Fl 6 and eI C -Fl 7 (20 μM), respectively, and the reaction progress was monitored by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. The SDS gel was visualized by Coomassie brilliant blue staining or by fluorescence scanning [ Fig. 2(b) , whole gel image is shown in Supporting Information Fig. S4 ]. The PTS reaction was confirmed by a protein band corresponding to the size of spliced MBP (41 kDa), which also showed green fluorescence from the covalently conjugated Fl. The initial rate of PTS was determined via densitometric analysis of the MBP band, using NIH ImageJ analysis software (ver. 1.48). Both PTS reactions followed first-order kinetics, with k obs values of 1.8 × 10 −2 and 8.5 × 10 −4 s −1
(Supporting Information Fig. S5 ) and the t 1/2 values were 0.7 and 13.6 min for wild-type and the engineered pair of split-inteins, respectively. The total yields were estimated to be 59.4 and 50.7% for wildtype and engineered inteins, respectively. While the PTS that was mediated by the engineered splitinteins was slower than the wild-type Npu DnaE split-inteins, the rate was reasonably fast and notably quicker than the conventional Ssp DnaE splitintein-mediated reactions. 33 The mass spectroscopy analysis of the splicing products also confirmed that the fractions of trans-cleavage products were minimal in both cases (Supporting Information Fig. S6 ).
Prior to the labeling of living cells, the level of background staining and the cytotoxicity of each reagent were probed. Batches of HeLa cells were treated with wI C -Fl 6 (4 μM) and eI C -Fl 7 (4 μM) individually. Then, the levels of background staining were observed using a fluorescence microscope. The eI C -Fl 7 showed much less background staining than wI C -Fl 6, probably due to the increased solubility of peptide 7 (Supporting Information Fig. S7A ). This result is meaningful, as the background staining could be troublesome in live cell imaging. We also measured the viability of cells treated with either wI C -Fl 6 or eI C -Fl 7, using the colorimetric MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) metabolic activity assay. 34 Neither of the synthetic C-inteins, 6 and 7, displayed any measurable toxicity to mammalian cells (Supporting Information Fig. S7B ). We then tested fluorescent labeling of model membrane-anchored proteins on living cells, under nearly physiological conditions (37 C, 5% CO 2 , DMEM at pH 7.0 containing 1 mM TCEP). First, the labeling mediated by a wild-type pair of split-inteins was examined. HeLa cells expressing TM-MycmCherry-wI N 3 were treated with wI C -Fl 6 (4 μM) for 30 min, washed to remove unreacted fluorescent peptides, and then monitored by confocal fluorescence microscopy without fixation [ Fig. 3(a) ]. The N-inteinpresenting cells showed a red fluorescent signal of mCherry before the addition of C-intein [ Fig. 3(a) , Lane 2] , and the green fluorescent signal appeared on the cell surfaces when treated with the corresponding fluorescent C-nteins [ Fig. 3(a), Lane 3 ]. Next, we tested the labeling mediated by the engineered pair of split-inteins, using HeLa cells expressing TM-MycmCherry-eI N 4. The cells were treated with eI C -Fl 
appeared only on the surface of cells presenting the engineered N-inteins. The green and red fluorescent signals were well colocalized on the labeled cells, whereas, as expected, no red or green fluorescent signal was observed for the nontransfected control cells [ Fig. 3(a,b) ]. These results showed that the membrane-anchored model protein was selectively labeled with a fluorophore, via a specific interaction between the engineered pair of split-inteins, at a comparable rate to the wild-type split-inteins, within 30 min.
Following verification that this approach using the model protein, we applied it to the labeling of a type II membrane protein, TRAIL, and studied the labeling kinetics by monitoring the progress of labeling at several time points. Batches of HeLa cells expressing Myc-mCherry-TRAIL-eI N 5 were treated with eI C -Fl 7 (4 μM) at 37 C, washed at 1, 15, or 120 min, and monitored using a fluorescence microscope. A batch of non-transfected cells was also treated with eI C -Fl 7 (4 μM) for 15 min, as the control. The expression of the target proteins was monitored in the red channel, and the green fluorescent signal appeared in the eI N -presenting cells, selectively [ Fig. 3(c) , . The timelapse study using 4 and 7 also showed similar kinetics (Supporting Information Fig. S8 ). While the specific labeling mediated by the engineered pair of inteins was predicted from the previous results, we surprisingly noticed that the labeling was extremely fast and seemingly completed within 1 min. The fluorescent signal levels were comparable among the cells treated with eI C for 1, 15, and 120 min. However, this fast labeling reaction did not seem realistic, considering the measured t 1/2 was 13.6 min. Western blotting analysis also revealed that the PTS product appeared after 15 min [ Fig. 3(d) ]. From these results, we suspected the fluorescent labeling involved an initial specific binding interaction between eI N and eI C , 33 followed by covalent conjugation of the fluorophore to the target protein. 35 While the noncovalent rapid labeling can be useful for some applications, it is desirable to have covalently attached fluorophores for many biological assays that require vigorous washing or observation over time. To distinguish covalent conjugation from specific binding, we employed a fluorescencequenched C-intein, Q-eI C -Fl 8. As reported previously, the introduction of a dabcyl group to the N-terminus of eI C can turn off the fluorescent signal from C-terminal Fl. 13, 28 The dabcyl moiety was to be released from the fluorophore by the PTS reaction, resulting in the activation of the fluorescent signal [ Fig. 1(c) ]. The in vitro kinetics of PTS between QeI C -Fl 8 and MBP-eI N 2 was monitored using fluorescence activation and showed a comparable rates to that of eI C -Fl 7 and MBP-eI N 2 (Supporting Information Fig. S9 ). There was no immediate green fluorescent signal observed when HeLa cells expressing Myc-mCherry-TRAIL-eI N 5 was exposed to QeI C -Fl 8 (4 μM), for 1 min [ Fig. 4(a) . This selective activation of the fluorescent signal on the surface of transfected cells provides evidence of the PTS reaction and suggests that the fluorophore is conjugated to the membrane protein by forming a stable covalent bond. The covalent conjugation and activation of fluorescent signal was also monitored using TM-Myc-mCherry-eI N 4 [ Fig. 4(b) ] and the rate of the labeling reaction was comparable to that of protein 5. The covalent bond formation was also confirmed via Western blotting analysis using antibodies recognizing a FLAG tag, showing that the PTS product started to form after 5 min and increased with time [ Fig. 4(c) ]. Based on these results, we could conclude that the labeling reaction occurred in two steps, namely, the specific binding of two split-intein fragments and then the covalent bond formation through split-intein-mediated PTS reaction. The fast binding event was completed within 1 min upon the treatment of fluorescent peptide, and the subsequent covalent bond formation was observable in 5 min. In summary, we demonstrated a selective and efficient method to fluorescently label target proteins on cell surfaces, using the engineered pair of Npu DnaE split-inteins. This approach has advantages over previous methods, as it makes the chemical synthesis of eI C much easier, thereby improving the practicality of the procedure, without critical loss of the PTS activity. The use of short synthetic peptides opens multiple possibilities, by allowing the introduction of synthetic tags of various physicochemical properties to cellular proteins. 14, 24 However, this approach is mainly suitable for labeling of type II membrane proteins and inappropriate for labeling of type I membrane proteins. 25 For general applications of this strategy in the monitoring of membrane proteins, the use of shorter N-intein fragments also needs to be considered.
Materials and Methods
A detailed description of all materials, equipment, and methods used in this study can be found in the Supporting Information.
